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Abstract. Formally, the cross section for producing a heavy evaporation residue, σEVR, in a fusion reaction can
be written as
σEVR(E) =
πh2
2µE
∞∑
ℓ=0
(2ℓ + 1)T (E, ℓ)PCN(E, ℓ)Wsur(E, ℓ), (1)
where E is the center of mass energy, and T is the probability of the colliding nuclei to overcome the potential
barrier in the entrance channel and reach the contact point. PCN is the probability that the projectile-target
system will evolve from the contact point to the compound nucleus. Wsur is the probability that the compound
nucleus will decay to produce an evaporation residue rather than fissioning. However, one must remember that
the Wsur term effectively sets the allowed values of the spin, which in turn, restricts the values of the capture
and fusion cross sections. We point out the implications of this fact for capture cross sections for heavy element
formation reactions.
1 Introduction
Formally, the cross section for producing a heavy evapo-
ration residue, σEVR, in a fusion reaction can be written
as as the product of three factors, (see equation 1) that ex-
press the probability of bringing the colliding nuclei into
contact, having that configuration evolve inside the fis-
sion saddle point and having the resulting nucleus survive
against fission.
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Figure 1. Spin dependence of capture and evaporation residue
formation cross sections for 3He + 233U where the lab energy of
the 3He was 44.7 MeV.
Conventionally the EVR cross section is separated into
three individual reaction stages (capture, fusion, survival)
motivated, in part, by the different time scales of the pro-
cesses. However, one must remember that the Wsur term
effectively sets the allowed values of the spin, which in
turn, restricts the values of the capture and fusion cross
sections. To illustrate this point, we show, in Figure 1, the
spin dependence of capture cross section for the reaction
of 3He + 233U and the spin dependence of the evapora-
tion residue cross section for the 5n channel [1]. Note the
restrictions on the surviving spins due to the fission prob-
ability and the resulting differences between the capture
and evaporation residue cross sections.
2 Survival Probabilities
For the most part, the formalism for calculating the sur-
vival, against fission, of a highly excited nucleus is under-
stood [2]. One begins with a single particle model [3] of
the level density in which one allows the level density pa-
rameter to be a function of the excitation energy. Masses
and shell corrections are taken from [4]. The deforma-
tion dependent collective enhancement of the level den-
sity is taken from [5] for a particular xn outgoing reac-
tion channel. Standard formulas are used to calculate the
decay widths for decay by neutron, charged particle and
γ-emission. The fission width is corrected for Kramers ef-
fects [6]. The fission barrier heights are calculated using
liquid drop barriers and excitation energy dependent shell
corrections.
What are the uncertainties in these calculations of
Wsur? Lu and Boilley [7] found collective enhancement
effects, Kramers effects, and the overall fission barrier
height to have the biggest effect on the calculated survival
probabilities. Loveland [8] concluded that, in general, fis-
sion barrier heights are known to within 0.5 - 1.0 MeV. For
super-heavy nuclei, the change of fission barrier height by
1 MeV in each neutron evaporation step can cause an order
of magnitude uncertainty in the 4n-channel. To minimize
sensitivity to this factor, we have restricted our attention to
nuclei where Z ≤ 110 where the barrier heights are better
known.
3 Outline of Calculations
We begin with the compilation of Duellmann of evaluated
evaporation residue cross sections for reactions that pro-
duce heavy nuclei [9]. This compilation involves ∼ 500
different reactions producing nuclei from Z=80 to Z=122,
although we have limited our calculations to cases where
ZCN ≤ 110. For each reaction (projectile, target and beam
energy) we calculate the spin dependent capture cross sec-
tions using the Bass model [10]. The beam energies are
chosen to correspond to the maximum of the excitation
functions for the reaction channel being studied. For each
value of the angular momentum, ℓ, the survival probability
is calculated using the formalism(s) of [2]. If we assume
PCN is one, then, according to equation 1, we can straight-
forwardly estimate the evaporation residue formation cross
section. If the calculated evaporation residue cross section
is significantly greater then the measured cross section for
this reaction, we have evidence, perhaps quantitative, that
PCN is less than 1.
As a “reality check" on these results, we cal-
culated the EVR spin distribution for the reaction
176Yb(48Ca,4n)220Th and compared it to the measured spin
distribution of Henning et al. [11] (Figure 2) for the same
reaction. The comparison of the results for the measured
and calculated spin distributions indicates that the calcu-
lational procedure used in this work is appropriate. This
same sort of agreement between the calculated spin dis-
tributions and the measured distributions was observed by
[5] for the 208Pb(48Ca, 2n)254No reaction.
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Figure 2. Spin dependence of calculated and measured evapora-
tion residue formation cross sections for the 176Yb(48Ca,4n)220Th
reaction.
3.1 Limitations of Calculational Procedure
We have used relatively simple tools (the semi-empirical
Bass model [10]) to simulate the dynamics of the capture
process. Better tools might have included coupled channel
calculations for the capture process, taking into account
the deformations of the target and projectile nuclei and the
excitations of collective modes. The procedures used to
calculate the survival probabilities are thought to reflect
all the important features of these processes. The success
in calculating the EVR spin distributions (Fig. 2 and [5]
support the methods chosen. The dramatic decrease in the
survival probabilities for higher J values (as shown in Fig-
ures 3-4) demonstrate the important qualitative effect be-
ing studied in this work.
4 Results of Calculations
4.1 Z1Z2 < 700
There are 76 cases in this category. In each case, PCN
was calculated to be 1, i.e., the calculated evaporation
residue cross section agreed with the measured cross sec-
tion within experimental error. A sampling of some typical
cases for ZCN = 94-98, 101-103 and 104-105 is shown in
Figure 3.
The most probable spins for the surviving evaporation
residues are ∼ 5 ~, while the capture cross sections can
involve spins out to 30 ~ with average spins of 10-20 ~.
Also note the dramatic reduction in cross section due to
the fission of the completely fused system. Capture cross
sections for these hot fusion reactions are typically 100-
300 mb while the evaporation residue cross sections are ∼
nb to µb.
For “convenience" it is sometimes assumed that the
relevant capture cross sections and PCN factors can be eval-
uated for J=0, i.e., drop the spin dependences. This ex-
treme view is not supported by the data shown in Fig.3.
4.2 700 < Z1Z2 < 1000
There are 119 cases in this category. Many of these reac-
tions are sub-barrier and the difference between the spin
dependence of the capture cross section and the spin-
mediated evaporation residue cross section is smaller. For
all the cases studied, PCN =1. A sampling of these cases
is shown in Figure 4. Note not only the decrease in the
mean spin of the evaporation residues but the loss of or-
ders of magnitude in the cross sections due to fission de-
excitation.
4.3 Z1Z2 > 1000
We can break this category into two groups, 1000 ≤ Z1Z2
≤ 1600 (136 cases) and Z1Z2 ≥ 1600 (167 cases). Gener-
ally PCN ∼ 1 for the first group and PCN < 1 for Z1Z2 ≥
1600. In Figure 5, we show some typical cases of “cold
fusion" reactions with Z1Z2 ≥ 1600. We plot the capture
cross section and the “effective" capture cross section for
each case where the “effective" capture cross section re-
flects the fraction of the capture cross section that con-
tributes to evaporation residue formation.
In Figure 6, we show a similar sampling of the data for
hot fusion reactions.
4.4 Effective capture cross sections
In Figure 7, we show the dependence of the “effective"
capture cross sections calculated in this work as a func-
tion of the product of the atomic numbers of the colliding
nuclei, Z1 and Z2. (Other scaling parameters could have
been chosen such as (Z1Z2/(A1
1/3+A2
1/3) that might have
been more effective but we have chosen the simplest pa-
rameterization). One notes that the effective capture cross
sections quickly decrease to less than 10 mb for Z1Z2 val-
ues > 1000 and for the most “interesting" reactions (Z1Z2
> 1500) are only a few mb. In terms of impact parameters
for heavy element synthesis reactions, this means that the
interesting collisions are the near central collisions. Cal-
culations of fusion and quasi-fission cross sections should
focus on these collisions.
5 Conclusions
While measurements of capture, fusion and quasi-fission
cross sections have scientific value, they must be “filtered’
for relevance in considerations of heavy element synthe-
sis. The “effective" capture cross sections are a fraction
of the “real" capture capture cross sections due to the re-
strictions placed on these quantities due to the spin depen-
dence of the survival probabilities. The “effective" capture
cross sections decrease rather than increase with increas-
ing Z1Z2 due to these survival probability effects. Only a
few partial waves contribute to the effective capture cross
sections for larger values of Z1Z2. Calculations of fu-
sion cross sections for the synthesis of the heaviest nuclei
should only consider small impact parameter collisions.
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Figure 3. Spin dependence of calculated capture cross sections
and the EVR cross sections for the reactions of 12C + 232Th,
243Am, 249Cf and the reaction of 15N with 248Cm. [12–15] where
the lab frame beam energies were 70,73,70, and 86 MeV respec-
tively.
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Figure 4. Spin dependence of calculated capture cross sections
and the EVR cross sections for the reaction of 22Ne + 244Pu, 19F
+ 248Cm and 18O + 249Bk. [16–18] where the laboratory frame
beam energies were 114,106, and 93 MeV, respectively.
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Figure 5. Spin dependence of calculated capture cross sec-
tions and the “effective" capture cross sections for the “cold fu-
sion" reactions [19–22] where the lab frame beam energies were
253,241,283,and 240 MeV, respectively.
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Figure 6. Spin dependence of calculated capture cross sec-
tions and the “effective" capture cross sections for the “hot fu-
sion" reactions [23–26] where the lab frame beam energies were
130,139,144 and 188 MeV respectively.
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Figure 7. The dependence of the effective capture cross sections
calculated in this work on the scaling parameter Z1Z2
